The functional design of transition metal oxide heterostructures depends critically on the growth of atomically flat epitaxial thin films. Often, improved functionality is expected for heterostructures and surfaces with orientations that do not have the lowest surface free energy. For example, crystal faces with a high surface free energy, such as rutile (001) planes, frequently exhibit higher catalytic activities but are correspondingly harder to synthesize due to faceting transitions. Here we propose a broadly applicable rapid-anneal solid phase epitaxial synthesis approach for the creation of nanometer thin, high surface free energy oxide heterostructures that are atomically flat. We demonstrate its efficacy by synthesizing atomically flat epitaxial RuO 2 (001) and TiO 2 (001) model systems. The former have a superior oxygen evolution activity, quantified by their lower onset potential and higher current density, relative to that of more common RuO 2 (110) films. Transition metal oxides (TMOs) exhibit a broad range of properties with numerous potential applications. [1] [2] [3] [4] These properties come about due to strong interactions between lattice, charge, and spin degrees of freedom. Efforts to tailor their functionality have therefore focused on creating nanoscale epitaxial TMO heterostructures that manipulate the atomic structure, electronic band-width and band-filling, and exchange interactions. 2,5-10 The well-controlled epitaxial oxide film growth that is necessary for such advanced tailoring critically hinges on morphological control of the growth front, which needs to be kept atomically flat. This prerequisite has limited the availability of two-dimensional (2D) oxide heterostructures largely to material systems grown in morphologically stable orientations with a low surface free energy, e.g., the perovskite (001) and rutile (110) surfaces. For nanoscale two-dimensional (2D) heterostructures, where the surface to volume ratio diverges, the surface free energy thus increasingly restricts the crystallographic phase space for 2D heterostructure synthesis to those with low surface energies. A synthesis approach that is able to overcome this limitation would open new possibilities in producing novel 2D heterostructures and functionally important surface orientations, e.g., for oxide electronics and catalytic applications.
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In this work, we demonstrate that it is possible to circumvent these limitations and epitaxially synthesize atomically flat, high surface free energy single crystal transition metal oxide films by means of a modified approach to solid phase epitaxy (SPE): [11] [12] [13] [14] [15] rapid-anneal solid phase epitaxy (RASPE). In conventional SPE, film deposition occurs at temperatures low enough to produce flat, amorphous films which are subsequently epitaxially crystallized by a conventional post-annealing treatment, 16 facilitating the creation of high doping levels and sharp doping profiles, 16, 17 as well as the synthesis of phases with crystal structures or stoichiometries that are otherwise not accessible. 18, 19 However, a Authors to whom correspondence should be addressed: snijderspc@ornl.gov and hanno@utk.edu for materials with a high surface free energy, the post-annealing treatment enables a transition to a faceted morphology. Here, our purpose is to synthesize atomically flat oxide heterostructures in crystallographic orientations exposing surfaces with high surface energies that are not achievable with conventional SPE. Specifically, by keeping the annealing temperature and time sufficiently low and short, respectively, the amorphous film crystallizes epitaxially while the atomic diffusion length is adequately limited, preventing the formation of a lower energy, faceted surface. Since the minimum temperature necessary for crystallization does necessarily allow for some atomic mobility, the critical ingredient is to keep the annealing time exceedingly short. This is made possible using a laser-based fast heating system incorporated in the ultra-high vacuum (UHV) growth chamber that allows us to constrain the kinetics of the crystallization process much more than in conventional SPE. We utilize rutile TiO 2 (001) substrates, featuring the highest surface free energy among the rutile low index facets, 20 to grow and characterize atomically flat heteroepitaxial RuO 2 and homoepitaxial TiO 2 thin films. Furthermore, since RuO 2 is known to be a good catalyst for the oxygen evolution reaction (OER) and CO oxidation, [21] [22] [23] [24] and the surface free energy is a potential descriptor of catalytic activity, [25] [26] [27] we compare the OER activity of these high surface free energy, (001)-oriented RuO 2 films with that of low surface energy, atomically flat RuO 2 (110) thin films that were grown using conventional oxide molecular beam epitaxy (MBE). The results show a superior OER activity on the RASPE-grown RuO 2 (001) surface, with a significantly reduced onset potential and an enhanced current density. While the results presented here are based on a model system of single crystalline RuO 2 (001) films, they firmly establish rapid-anneal solid phase epitaxy as an approach that expands the access to novel 2D oxide heterostructures with improved functionality and suggest a path toward improved OER active RuO 2 catalysts.
While conventional MBE growth of RuO 2 (110) results in high quality films, 28 attempts to duplicate this in the (001) orientation consistently result in a faceted morphology, even when the growth temperature is reduced to the point that grainy films are grown, see supplementary material Notes 1, 2, and 3. We have therefore constrained the growth kinetics even more using RASPE. Specifically, we deposit amorphous ruthenium oxide (am-RuO 2 ) with a thickness of ∼1.5 nm at room temperature (RT) and subsequently flash-anneal the as-deposited film to 220°C for a very short time of ∼10 s in an O 2 pressure of 6.0 × 10 6 mbar, after which the heating is switched off. These steps can be repeated to grow thicker films. RHEED reveals that after one cycle of RASPE, the pattern of fractional order spots from the TiO 2 (001)-c(7
√ 2)R45°reconstruction 29 has developed into a pattern of parallel streaks with a set of weak fractional order streaks from a ( 2)R45°surface reconstruction. We emphasize that this is the first report of an atomically flat and reconstructed high-energy RuO 2 (001) surface. 33 We further investigated the bulk structure of a thick RuO 2 (001) film, grown using 14 RASPE cycles, by X-ray scattering. Finally, the offset between the RuO 2 (002) and the TiO 2 (002) peaks indicates that the film has partially relaxed, although the lattice parameter of 3.061 Å along the [001] surface normal, as compared to the equilibrium bulk spacing along of 3.107 Å, 34 shows that tensile epitaxial strain is still present in the film.
To elucidate how the crystallization progresses through the amorphous film during the flashanneal of the am-RuO 2 film on TiO 2 (001), we performed a scanning transmission electron microscopy (STEM) experiment on a selected area of a 21.0 nm thick film in which the crystallization was frozen before it was completely finished, effectively creating a snapshot of the crystallization process. The STEM projection along the [010] direction reveals a partially crystallized film with a trapezoid-shaped, faceted growth front that is covered by the remainder of the am-RuO 2 , see Fig. 2(d) . The well-crystallized lower half of the film below the residual am-RuO 2 is epitaxial to the TiO 2 (001) substrate. The sides of these trapezoids are formed by slanted (101) and (101) planes, whereas a (001) plane terminates the apex. We infer that the crystallization nucleates from the interface with the TiO 2 (001) substrate, as expected, and progresses fastest along the [001] direction due to the high surface energy of the (001) plane. 35 The appearance of {101} facets on the sides of these growing islands may be explained by their relatively low surface free energy. 36 We do note, though, that such calculated surface energies are generally based on an interface with the vacuum, and here an interface with am-RuO 2 exists, which is likely to alter the interfacial free energy balance. Upon further crystallization, the small ∼4.0 nm (001) oriented facets at the top of the trapezoids will eventually reach the surface of the deposited film. The limited but finite atomic diffusion length during the short flash-annealing treatment allows for a limited lateral growth of these coherently crystalline surface domains, until the annealing is terminated when the last amorphous areas have crystallized. For thicker films needing a longer annealing time, this limited surface diffusion produces an islanded surface. RHEED data (not shown) indeed reveal that after complete crystallization, these 21 nm thick films are islanded but not faceted, similar to the surface of a ∼4.5 nm thick film [see Fig. S5(d) of the supplementary material] . However, for nanoscale thin films with thicknesses at least up to ∼3.0 nm, the result is a RuO 2 (001) surface consisting of relatively small terraces of exposed (001) crystal planes, as revealed by the atomically resolved STM data in Fig. 2(b) . These data clearly demonstrate that RASPE allows the growth of RuO 2 films with exposed high surface free energy (001) planes and even produces atomically flat heterostructures for the thinnest films.
To investigate whether the RASPE approach is more generally applicable, we have performed preliminary experiments of TiO 2 (001) homoepitaxial growth using this approach. Supplementary material Note 4 demonstrates that indeed atomically flat TiO 2 (001) can also be grown homoepitaxially using this method. The successful growth of atomically flat homoepitaxial TiO 2 (001) film verifies the universality of RASPE in preparing (oxide) heterostructures in crystallographic orientations exposing surfaces with a high surface free energy.
Next, we compare the oxygen evolution properties of the RuO 2 /TiO 2 (001) and RuO 2 /TiO 2 (110) heterostructures. RuO 2 is one of the best catalysts for large scale water splitting, but the oxygen evolution (partial) reaction limits the water splitting rate. 37 Recently, it was suggested that the surface free energy of crystal surfaces can be used as a descriptor for catalytic activity, 27 exhibiting a volcanorelation akin to the Sabatier principle. 38 Some early work 39-42 on various nominally low index RuO 2 facets did not include a characterization of the surface morphologies, thus leading to questionable interpretations in terms of surface energies. Recently, Stoerzinger et al. reported that for RuO 2 films, the (100) surface indeed has a higher OER activity than the lower energy (110) surface. 22 We exploit the novel capability to synthesize atomically flat, epitaxial thin RuO 2 (001) and (110) films with a comparable roughness, to evaluate the relative OER activity of these two surfaces that have the highest and lowest surface energy of the RuO 2 low index facets. We use ∼3.0 nm thick RuO 2 (001) and (110) films prepared by RASPE and MBE as described above, respectively, as electrodes because scanning probe data indicate that these have a similar surface roughness, facilitating a direct comparison of electrochemical oxygen evolution currents.
Figures 3(a) and 3(b) present the cyclic voltammetry (CV) measurements of the RuO 2 (001) and (110) electrodes. Since our RuO 2 films are atomically flat, the active area can be assumed to be equal to the exposed geometric area of the sample. Therefore we divided the measured current by the exposed area to obtain the current density. Figure 3(a) [see also Fig. S7(a) of the supplementary material] shows that the current density in the RuO 2 (001) sample decreases gradually in the first few cycles, and becomes stable at the ninth cycle. For the RuO 2 (110) sample, the current density increases from the first to the second cycle and remains essentially unaltered thereafter [Figs. 3(b) and S7(b)], which is consistent with the report in Ref. 22 . After these OER experiments, the surface roughness of the two studied samples was investigated by using the [Fe(CN) 6 ] 3/4 reaction in a 5 mM mediator. As displayed in Fig. S9 , both RuO 2 surfaces show a very similar charge density for the outer sphere redox couple [Fe(CN)6] 3/4 [3.48 and 3.43 mC/cm 2 for RuO 2 (001) and RuO 2 (110), respectively], implying that the surface area of both orientations, and hence their roughness, remains comparable under the OER conditions employed here.
The origin of the different behavior in the initial aging of the two samples, observed before the reaction is stabilized in the first 10 CV cycles, remains elusive. A potential roughening of the surface through e.g., electrode corrosion 43 as a cause of the observed initial aging of the RuO 2 (001) OER activity is unlikely because the RuO 2 (001) and (110) samples have a similar roughness after OER experiments (Fig. S9 of the supplementary material) , whereas only the RuO 2 (001) surface decreases in activity. We also note that the OER onset potential of the TiO 2 is significantly larger than that of RuO 2 44,45 and the OER onset potential observed in our samples (see below), indicating that the observed aging is not related to exposure of the underlying TiO 2 substrate after dissolution of the RuO 2 films. Instead, this initial aging could be related to our observation of the formation of oxygen gas bubbles accumulating on the RuO 2 (001) surface, decreasing the effective surface area available for the OER until a steady state is reached [at the 9th cycle, see Fig. S7(a) ], similar to the OER behavior observed on Ni-Fe oxide catalysis. 46 Indeed, a larger concentration of bubbles was observed on RuO 2 (001) than on the RuO 2 (110) surface. While an in-depth analysis of the known aging behavior of RuO 2 during the OER, 25, 43, 47 and its dependence on crystallographic orientation is beyond the scope of this work, at the very least the model system provided by this newly accessible RuO 2 (001) surface exhibits a significantly higher OER activity in its most pristine form (i.e., in its first OER cycle), than the RuO 2 (110) surface.
To quantify the potential (vs. the reversible hydrogen electrode, RHE) beyond which the OER commences (V onset ) on these two surfaces, we define V onset as the potential at which the measured current starts to deviate from the level measured in the region where no oxygen is generated. 43, [48] [49] [50] Using the average of the anodic and cathodic current traces we find V onset-(001) = 1.36 V and V onset-(110) = 1.46 V as shown in Fig. 3(c) for the RuO 2 (001) and RuO 2 (110) surfaces, respectively, i.e., the overpotentials for these facets are only 130 and 230 mV. We note that V onset is independent of the "aging" observed in the CV cycles in our experiment, and that the V onset-(110) is consistent with the data presented in Ref. 22 . Even if the choice of the method to define V onset 49,51 might slightly affect the absolute values extracted from the J(E) curves, the difference in V onset between the two sample orientations remains significant, independent of the chosen method (see supplementary material Note 5). The pronounced decrease in V onset-(001) of 100 mV with respect to V onset-(110) shows that the RuO 2 (001) surface is remarkably more active than the RuO 2 (110) surface.
A measure for the activity for the OER was estimated from the J(E) curves by quantifying the specific current density at a constant overpotential of 0.3 V (i.e., 1.53 V vs. RHE), J 0.3V . 22, 46 These a Current density at overpotential of 0.3 V after subtracting the residual current.
J 0.3V current density data are presented in Table I , demonstrating that the RuO 2 (001) surface is ∼3.7 times more active than the RuO 2 (110) surface in the first CV cycle, decreasing to ∼2.4 times in the 10th cycle. These current densities are 2.6-3.0 times larger than those reported for the (110) and (100) facets in Ref. 22 , even after subtraction of the residual current from our data. 52 While a comparison of current densities is fraught with details that can affect the absolute values (e.g., residual current subtraction, surface area comparison, etc.), the increased activity, as well as the significantly lower onset potential, at the very least suggests that atomically flat RuO 2 (001) performs superior in OER than other low index RuO 2 facets, and hence functional improvement of RuO 2 catalysts could be attainable if (001) facets were exploited. Figure 3 (d) shows the Tafel plots derived from the catalytic current density calculated after subtracting the linear residual current. 53 The Tafel plots of both RuO 2 facets exhibit a kink at 800 µA/cm 2 , as has been observed earlier for the RuO 2 (110) surfaces. 22, 41 Furthermore, the Tafel slopes are comparable between these two samples in both low (η < 0.3 V) and high (η > 0.4 V) overpotential regions. In the literature, such data have been related to the activity of specific densities and types of undercoordinated Ru atoms for different surfaces. 22 54 Therefore, a discussion of the catalytic activity in terms of specific surface terminations with explicitly known cation coordination chemistries is only possible after in operando surface characterization. 25 Instead, a more mundane explanation is that multiple steps in the reaction mechanisms produce the same effective kinetic limitations for both surfaces. The estimated Tafel slopes from our samples are larger than most previous reports, 22, 41, 55, 56 which could be related to different kinetic barriers for the OER due to the relatively smoother RuO 2 facet surfaces that were synthesized here, possibly featuring different surface terminations during the OER experiment. A more thorough analysis of the OER kinetics at these surfaces is left for future investigation.
Clearly, atomically flat films do not expose sufficient surface area to reach commercially valuable absolute oxygen evolution rates. However, the results presented by this model system suggest that the functional properties of transition metal oxides such as RuO 2 catalysts, already a benchmark material, can still be improved upon by novel synthesis approaches. Moreover, access to an expanded set of crystal facets for fundamental catalysis studies could aid in a better understanding of the processes that determine the overall efficiency. [57] [58] [59] Specifically, a comparison of the relative magnitude of the surface free energies of the RuO 2 (110), (100), and (001) facets 36, 60 with their OER activity, suggests that RuO 2 (001) either is situated at the apex of the volcano (Sabatier) relation for catalytic activity as a function of surface free energy proposed in Ref. 27 , or has not even reached the best possible performance of RuO 2 . 61 In the latter case further optimization may only be possible by synthesizing high Miller index facets of the rutile RuO 2 structure.
In conclusion, the results reported here illustrate that rapid-anneal solid-phase epitaxy, consisting of cycles of room temperature deposition and subsequent rapid flash-annealing, allows the synthesis of epitaxial transition metal oxide heterostructures with atomically flat surfaces even when high surface free energies prevent conventional growth of flat heterostructures. This was demonstrated in both the RuO 2 /TiO 2 (001) heteroepitaxial and the TiO 2 (001) homoepitaxial systems. For the case of RuO 2 /TiO 2 (001), the crystallization of the amorphous film proceeds through faceted trapezoids that 2017) nucleate epitaxially at the interface with the substrate and the resulting large-scale surface morphology is comparable to that of conventional MBE-grown atomically flat RuO 2 (110) films, at least for films with a thickness up to 3.0 nm. This novel capability expands access to epitaxial transition metal oxides with strain states and crystal symmetries at the surface that were hitherto not available due to roughening instabilities, which is expected to allow for further tuning of their physical and chemical properties.
In particular, we demonstrate here that the OER characteristics of these novel RuO 2 /TiO 2 (001) heterostructures are superior to those of RuO 2 /TiO 2 (110), measured by their 100 mV lower OER onset potential, as well as the 2-4 times higher OER current density. These results are consistent with the recently proposed relation between surface free energy and catalytic activity 27, 62 and offer suggestions for potential further improvement of the OER activity of the benchmark RuO 2 catalyst.
See supplementary material for growth and characterization details, conventional MBE growth of epitaxial RuO 2 (110) on TiO 2 (110), conventional MBE growth of RuO 2 (001) films on TiO 2 (001), RASPE growth of atomically flat rutile TiO 2 (001) film, and determination of the onset potential of OER on RuO 2 (001) and (110) films.
